SUMMARY: In this study, we used the X-11 census technique for modelling and forecasting the monthly swordfish (Xiphias gladius) catches in the Greek Seas during 1982-1996 and 1997 respectively, using catches reported by the National Statistical Service of Greece (NSSG). Forecasts built with X-11 were also compared with those derived from ARIMA and Winter's exponential smoothing (WES) models. The X-11 method captured the features of the study series and outperformed the other two methods, in terms of both fitting and forecasting performance, for all the accuracy measures used. Thus, with the exception of October, November and December 1997, when the corresponding absolute percentage error (APE) values were very high (as high as 178.6%) because of the low level of the catches, monthly catches during the remaining months of 1997 were predicted accurately, with a mean APE of 12.5%. In contrast, the mean APE values of the other two methods for the same months were higher (ARIMA: 14.6%; WES: 16.6%). The overall good performance of X-11 and the fact that it provides an insight into the various components (i.e. the seasonal, trend-cycle and irregular components) of the time series of interest justify its use in fisheries research. The basic features of the swordfish catches revealed by the application of the X-11 method, the effect of the length of the forecasting horizon on forecasting accuracy and the accuracy of the catches reported by NSSG are also discussed.
INTRODUCTION
The swordfish (Xiphias gladius) is a highly exploited cosmopolitan species in the Atlantic Ocean and the Mediterranean Sea. Fishing pressure on the different swordfish stocks has increased dramatically in the last twenty years because of its high market demand. In the Mediterranean Sea, where it has been exploited using harpoons and driftnets at least since Roman times, the annual swordfish catches increased sharply from about 4000 t in 1976 to 20000 t in 1988 (Anonymous, 1999) . Since then, annual catches fluctuated between 12000 and 16000 t and are mainly composed of juveniles (Rey et al., 1987; Di Natale, 1990; Tserpes, 1995) . The increasing trend in the reported catches could to some extent be attributed to the improvement of the fisheries statistics collection systems as well as to the intensification of fishing effort and exploitation of new fisheries.
Several aspects of the swordfish biology and stock structure have been studied in the Mediterranean Sea (De Metrio and Megalofonou, 1987; De Metrio et al., 1989; Tsimenides and Tserpes, 1989; Tserpes and Tsimenides, 1995) , in which it forms a unique stock, distinct from the Atlantic ones (Kotulas et al., 1995) .
As the available time series of fisheries and biological data are rather short and incomplete, they are unable to support concrete assessment studies and SCI. MAR., give reliable information on the demographic structure of the stock. However, the fact that juveniles dominate the catches suggests that the Mediterranean stock may be over-exploited. The same was also supported by a preliminary stock assessment study carried out by ICCAT scientists (Anonymous, 1996) . The above findings have urged the International Commission for the Conservation of Atlantic Tunas (ICCAT) to recommend immediate measures for the conservation of the stock and the European Union to establish a minimum landing size of 120 cm LJFL in the Mediterranean Sea.
The Greek swordfish fishery started in the early 1980s and developed rather rapidly. Fishing is carried out using drifting longlines, mostly during February to September, in the eastern Mediterranean ( Fig. 1 ). ICCAT records indicate that Greece is an important swordfish producer in the Mediterranean Sea (Anonymous, 1999) .
In this study, we used the X-11 census technique (Stellwagen and Goodrich, 1993) to model and forecast the monthly reported catches of swordfish in Greek waters during 1982-1997. Forecasts built with X-11 were also compared with those derived from ARIMA (Box and Jenkins, 1976 ) and Winter's (1960) exponential smoothing models. The X-11 technique has recently been used to forecast the monthly anchovy catches in Greek waters (Stergiou, 2000) , and a non-linear version of the X-11 method has also been used for the decomposition of oceanographic (Durand and Mendelsshon, 1998) and recruitment time series (Lloret et al., 2000) .
MATERIAL AND METHODS
Fisheries statistics for Greek waters have been recorded since January 1964 by the National Statistical Service of Greece (NSSG, 1965 (NSSG, -1999 Stergiou et al., 1997a) . For a better evaluation of the available data, the waters fished by the Greek vessels have been divided into 18 statistical fishing subareas. Catch data are collected directly from a sample of fishing vessels that are surveyed by local customs authorities (stratified random sampling). For each vessel surveyed, a statistical questionnaire is completed showing the quantities of each major fish species (or group of species) caught during the previous month (or that the vessel did not work during that period). Although NSSG data suffer from various biases, which are higher for inshore fisheries, and the degree of bias cannot be easily estimated, they are the best figures available with respect to: (a) length of time, (b) spatial and temporal resolution, (c) consistency and degree of subjectivity in data collection, and (d) statistical design of data collection (Stergiou et al., 1997a) .
Separate monthly catch data for swordfish are available only since 1982 (Table 1) . In this study, we modelled the monthly reported swordfish catches for the years 1982-1996 and then built monthly forecasts for 1997 using the X-11 technique, which consists of a complex sequence of moving averages, seasonal moving averages, ratios to moving averages, outlier detection and removal procedures, and trading day regressions (Stellwagen and Goodrich, 1993). The X-11 technique was developed by the US Department of Census and put into official use in October 1965 (Stellwagen and Goodrich, 1993) . Its primary purpose was to deseasonalise national economic data in order to determine the underlying trend-cycle. The method extracts the following time series components from the original series X t : (a) the seasonal component S t , (b) the trend-cycle component C t , and (c) the random component I t . The X-11 model has multiplicative and additive versions. In the multiplicative version, the components are multiplied to provide the original series, X t =(S t )(C t )(I t ), while in the additive version, they are added, Y t =S t +C t +I t . The S t indices are similar to those from the exponential smoothing methods, except that in the middle of the series they are based on complex weighting patterns of the observations both before and after the date of the observation. At the end of the series, the seasonal indices are based entirely on past data. The C t component consists of the underlying smooth changing level of X t and corresponds to the level of the exponential smoothing models. Finally, the I t component consists of the part of X t that cannot be explained by S t and C t . A full account of the X-11 technique is provided in Makridakis et al. (1983) and Stellwagen and Goodrich (1993) .
In the present study, the X-11 technique, the additive version of which was applied on the original untransformed data, was used to decompose the monthly swordfish catches into the three components. Fits and forecasts were then developed for each of the three components separately (for S t by repeating the last available monthly values, for C t by extending the local trend-cycle at the end of the series and for I t by setting all 0.0). Consequently, fits for 1982-1996 and forecasts for 1997 were estimated by adding the individual fits and forecasts and were compared with the actual catches during both periods as well as with those derived from an ARIMA model (Box and Jenkins, 1976 ) applied on square-root transformed data, and a Winters ' (1960) exponential smoothing (WES) model, applied on untransformed data. Both ARIMA and WES models perform very well for monthly fisheries time series (for an extended account of these techniques, see Stergiou et al., 1997b) . In addition, X-11 was also fitted to the catches of the 1982-1993, 1982-1994 and 1982-1995 periods and forecasts were built for 1994-1997, 1995-1997 and 1996-1997 (i.e. 48, 36 and 24 forecasts in advance). All models were developed using Forecast Pro (Stellwagen and Goodrich, 1993) .
Because all measures of accuracy suffer from advantages and disadvantages, a suite of such measures was used to compare fits and forecasts built with the different models with the actual catches during the fitting and forecasting periods (for an extended discussion see Stergiou and Christou 1996; Stergiou et al. 1997b) : (a) the absolute percentage error (APE); (b) the mean APE (MAPE); (c) the root mean squared error (RMSE); (d) the coefficient of determination r 2 between actual and fitted/forecasted series; and (e) the Ljung-Box (1978) statistic, which is used to indicate whether the errors are autocorrelated or not. The above-mentioned measures are very effective at capturing various aspects of modelling and forecasting accuracy (Stergiou and Christou, 1996; Stergiou et al., 1997b) .
From the point of view of the practitioner forecaster, who is mainly accuracy-oriented, the success of a specific method can be judged by comparison with other methods (a naive included) (Makridakis MODELLING SWORDFISH CATCHES 285 , where e t+1 is the error at time t+1. U is a compromise between standard and relative measures (Stergiou et al., 1997b; Makridakis et al., 1983) . It provides a measure of comparison of a given method with a naive method that uses as a forecast at time t+1 (=X t+1 ) the catch at time t (=X t ). U attains values >0; U>1 indicates poor forecasting efficiency since the naive method produces better forecasts; U<1 indicates good forecasting efficiency.
RESULTS
The swordfish reported catches rose from about 500 t in 1982 to a maximum of 2030 t in 1989 and declined thereafter (Fig. 2) . The monthly catches during 1982-1997 are shown in Figure 3a and the different components extracted using X-11 are shown in Figures 3b-d . The S t component (Fig. 3b) clearly depicted the marked seasonality of the catches, being bimodal for the years 1982-1985, unimodal for 1986-1990 and bimodal again for the remaining years, especially for the last ones. The C t component (Fig. 3c) clearly showed that catches exhibit a long-term increasing trend during the study period with cycles of about 2-4 years being superimposed on the long-term trend. Finally, the I t component exhibited higher variability for the years following 1991 (the coefficient of variation was 115.7% and 258.4% before and after 1991). The seasonal pattern of the catches is also clearly depicted in Figure 4 , with mean monthly catches increasing from a minimum of about 20-40 t in OctoberJanuary to about 180 t in August. The various measures of fitting and forecasting accuracy for the different models used are shown in Table 2 , and the monthly forecasts together with the actual catches for 1997 are shown in Figure 5 . The X-11 method outperformed the other two methods, in terms of both fitting and forecasting performance, with respect to most measures used (Table 2) . Thus, it captured the basic features of the study series (Fig.  5) , with fits for 1982-1996 being highly correlated with the original data (r 2 =0.94), although they suffered from residual autocorrelation P>0.05] (Table 2) . With the exception of October, November and December 1997, when the corresponding APE values were very high (as high as 178.6%) because of the low level of the catches, monthly catches were predicted accurately, with a MAPE for the remaining nine months of 12.5%. In contrast, the MAPE values of the ARIMA and WES models for all months excluding October-December were higher (ARIMA: 14.6%; WES: 16.6%; Table  2 ). The same was also true of the APE for the total annual catch (Table 2 ). All three methods performed better than the naive method, attaining U values smaller than 1 (Table 2) .
Consequently, the X-11 method was fitted to the catches of the 1982-1993, 1982-1994 and 1982-1995 periods and forecasts were built for 1994-1997, 1995-1997 and 1996-1997 and compared with those built for 1997 in Table 3 . In general, the values of the maximum APE, MAPE and APE of the cumulative catch over the total forecasted period all increased, whereas those of r 2 decreased with an increase in the forecasting horizon (Table 3 ). In addition, 12-month in advance forecasts (i.e. for the years 1994, 1995 and 1996) were also developed from the models fitted to each of the above-men-MODELLING SWORDFISH CATCHES 287 1982-1996, 1982-1995, 1982-1994 and 1982-1993 respectively; forecasts: 1997, 1996-1997, 1995-1997 and 1994-1997 respectively 36.7, 32.5 and 6.9% for 1994, 1995 and 1996 respectively) .
DISCUSSION
Forecasting plays a key role in fisheries management, since it precedes planning, which, in turn, precedes decision-making (Stergiou and Christou, 1996; Stergiou et al., 1997b) . Apart from methods based on biological principles (e.g., Fox, 1970; Pope and Shepherd, 1985; Borges, 1990) , a variety of statistical techniques have also been used for fisheries forecasting. These techniques are generally oriented towards (Stergiou and Christou, 1996; Stergiou et al., 1997b) : (a) modelling on the basis of deterministic regression techniques that explain changes in fishery variables (e.g. catch, recruitment) in terms of changes in various biotic (e.g. spawning stock) and/or abiotic variables (e.g. fishing effort, climate); (b) modelling on the basis of univariate time series techniques that treat the system as a black box, viewed as an unknown generating process, and forecasting is based on projecting past values of a variable and/or past errors into the future; and (c) models that synthesise the above two general approaches (multivariate time series). Available studies indicate that although time series models do not have a built-in stock structure, they should not be dismissed (e.g. Stocker and Noakes, 1988; Noakes et al., 1990; Stergiou and Christou, 1996; Stergiou et al., 1997b; Lloret et al., 2000) . This is especially true of cases for which time series of biological data (e.g. catchat-length or age) on various species are lacking, as is the case in Greek and Eastern Mediterranean waters in general, which renders the application of "biological" forecasting models impossible (with the exception of surplus-yield models; Stergiou et al., 1997b; Stergiou, 1998) . In fact, time series models may provide more accurate, short-term forecasts of various fisheries-related measures than "biological" models (e.g. Stoker and Noakes, 1988; Noakes et al., 1990; Stergiou and Christou, 1996; Stergiou et al., 1997b) .
In the present study, three time series techniques were used to model and forecast the swordfish catches in Greek waters, using catch data reported by the NSSG for 1982-1997. Although the X-11 technique generally outperformed the ARIMA and WES models in terms of both fitting and forecasting performance (Table 2) , its forecasting performance decreased with the length of the forecasting horizon (Table 3 ). The ARIMA and WES methods have generally been found to be efficient in forecasting fisheries catches in the largest comparison of methods ever used in fisheries forecasting (i.e. time-varying, harmonic, multiple and dynamic regression models; WES; ARIMA; and vector auto-regression) applied on the monthly NSSG catches of 16 species or groups of species in the Greek Seas during 1964-1989 (Engraulis encrasicolus; Sardina pilchardus; Boops boops; Pagellus erythrinus; Merluccius merluccius and Micromesistius poutassou; Trachurus spp.; Scomber spp.; Mullus spp.; Spicara spp.; total fish, cephalopods, crustaceans catches; and trawl, purse seine, beach seine and "other coastal boats" catches) (Stergiou et al., 1997b) .
The overall good performance of X-11 in terms of short-term forecasting (i.e. up to 12 months in advance) and the fact that it provides an insight into the various components (i.e. the seasonal, trendcycle and irregular components) of the time series of interest both justify its use in fisheries research, along with simulation studies (e.g. Fromentin and Fonteneau, 2001) . It must be pointed out, however, that since most International Commissions work with a delay of 6 to 12 months (i.e. stock assessments are performed with 6 to 12 month old data), short-term forecasting techniques will be useful only when such a delay is reduced considerably.
The increased variability observed after 1991 ( Fig. 3d ; the coefficient of variation was 115.7% and 258.4% before and after 1991) may indicate that swordfish has suffered overfishing in recent years, a fact that is also suggested by preliminary stock assessments carried out by ICCAT and the predominance of juveniles in the catches (Anonymous, 1996 ; ICCAT executive summaries of species status reports for 2000). The application of the X11 technique also showed that the monthly catches exhibit a clear seasonal pattern, with a major peak during the summer months (mainly in August) and a minor one during the winter months of 1982-1985 and of 1990-1997 . The summer peak of the catches must be attributed to the higher fishing activity in summer, because of the prevailing favorable weather conditions (Tserpes, 1995; Tserpes et al., 1993) . The minor winter peak could be related to the changes that have taken place in the Aegean swordfish fishery. In the early 1980s the fishery was opportunistic and mostly conducted by small coastal vessels operating in certain parts of the Aegean Sea (Fig. 1) , which most probably represent feeding grounds . The fishery started to expand from 1986 to the early 1990s because several boats that were previously involved in the sponge fishery gradually entered the swordfish fishery. These boats initially operated in the eastern Levantine but later expanded their activities throughout the southern Aegean Sea. Generally, since 1991, the fishery exploitation pattern has remained spatially stable. Thus, the absence of the winter peaks in the catches during 1986-1990 reflects the changes that took place in the exploitation pattern of the stock. Finally, the closed swordfish fishing season from October to January that was fully enforced after 1990 may be responsible for the re-appearance of the winter peak in the early 1990s, and the relatively higher catches obtained the first two months (February, March) following the reopening of the season.
As mentioned above, the X-11 method provided accurate forecasts up to 12 months in advance (i.e. short-term, operational forecasts). This implies that forecasts were close to the actual reported catches. However, whether actual reported catches reflect real catches or not is a different matter. It is generally well known that catch statistics suffer from several biases, because of misreporting and underreporting (e.g. Watson and Pauly, 2001) . Thus, the evaluation of the official catch statistics is essential for various fisheries analyses. Estimations of the swordfish catches have also been derived independently from research projects conducted during the last 15 years, based on the collection of detailed catch and effort data (i.e. annual number of hooks) from the main landing ports of the Aegean Sea (for details, see Anonymous, 1995; DeMetrio et al., 1992; . Consequently, the total swordfish catches have been estimated through extrapolation to the total effort of the fleet, the latter being estimated through regular interviews with fishermen at all Greek landing sites. Such estimates are only available for the years for which the research projects were conducted (i.e. 1986 -1988 Tserpes, unpubl. data) . There are important year-to-year differences between the NSSG and the research-survey time series ( Fig. 6; r=0 .51, n=8, P>0.2), with the research estimates differing from the NSSG reported catch values by 1.2 to 56.9% APE, depending on the year. However, their absolute percentage difference in terms of cumulative catches over the total period was only 10%.
Although the seasonal resolution of the research survey series is limited when compared to the NSSG one, which justifies the use of the NSSG data for the requirements of the present study, the comparison between the two time series clearly revealed that the official reported catches might not actually reflect the real catches. This introduces 'subjective uncertainty' (uncertainty attributed to lack of knowledge: Ferson and Ginzburg, 1996) into various fisheries estimations, thereby seriously affecting the stock assessment of the Mediterranean swordfish. The observed patterns of temporal variability of both seasonal and long-term swordfish catches (Fig. 2) introduce 'objective uncertainty" (i.e. uncertainties resulting from the underlying variability in stochastic processes, such as growth, mortality and recruitment: Ferson and Ginzburg, 1996) into various fisheries estimations. These two types of uncertainty should be treated separately in various risk analyses (Ferson and Ginzburg, 1996) . Although it is widely recognised that objective uncertainty is one of the key-factors in predicting and managing fisheries resources (e.g. Walters and Maguire, 1996; Flaaten et al., 1998; Stokes et al., 1999; Cochrane, 2000) , and managers are aware of such uncertainty, it is still largely neglected in stock assessment or management procedures (Lauck et al., 1998) . In fact, it is to MODELLING SWORDFISH CATCHES 289 FIG. 6 . -Relationship between the annual Greek catches of Xiphias gladius for the years 1986-1988 and 1990-1995 derived from two different sources, namely from NSSG and from survey estimates (Tserpes, unpublished data) ; the correlation coefficient between the two series is not significant (r=0.51, n=8, P>0.2).
this aspect of fisheries ecology that recent paradigms of fish stocks collapses are generally attributed (e.g. Stergiou, 2002) . This issue has also seriously hampered stock assessment of the Mediterranean swordfish in recent years (ICCAT executive summaries of species status reports for 2000).
